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Abstract
Helicobacter pylori (H. pylori) infection is strongly associated with peptic ulcer and gastric cancer, compounded by 
the growing prevalence of antibiotic resistance. Current antibiotic eradication therapies often lead to gut dysbiosis 
and treatment failure, highlighting the urgent need for targeted, alternative therapies. In this study, a novel series of 
indole-based heterocycles bearing sulfonate or sulfamate functionalities was designed, synthesized, and evaluated 
as potential urease inhibitors. Several derivatives exhibited potent urease inhibition using a cell-free urease assay, 
with compound 1n emerging as the most active inhibitor (IC₅₀ = 0.23 ± 0.33 µM), approximately 100-fold more 
potent than thiourea (IC₅₀ = 23.2 ± 11.0 µM). Antibacterial screening confirmed significant activity against H. pylori, 
particularly for compounds 1k (MIC < 1.5 µM) and 1 h (MIC = 2.31 ± 1.15 µM), both of which also demonstrated 
direct and significant inhibition of H. pylori urease in vitro. These compounds displayed remarkable selectivity, 
showing no inhibitory effect on E. coli and six Lactobacillus strains, suggesting a beneficial role in maintaining gut 
microflora unlike conventional antibiotic therapy. Furthermore, cytotoxicity assays on human gastric epithelial (AGS) 
and dermal fibroblast (F180) cells confirmed minimal toxicity, while Caco-2 permeability studies indicated low 
systemic absorption, suggesting localized gastrointestinal activity. Molecular docking revealed strong interactions 
of 1 h and 1k within the H. pylori urease active site. In silico ADMET analysis predicted low CNS toxicity, moderate 
CYP450 inhibition, and absence of PAINS alerts. Overall, these findings identify promising lead molecules for the 
development of potent, selective, and safer urease inhibitors against H. pylori.
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Introduction
Urease is a nickel-dependent metalloenzyme that cata-
lyzes the hydrolysis of urea into ammonia and carbamate 
[Fig. 1], thereby providing a critical nitrogen source for 
various bacterial species [1–4]. Notably, urease was the 
first enzyme shown to require nickel ions as an essen-
tial catalytic cofactor [5]. Since its discovery, extensive 
research has elucidated urease’s pivotal role in the bio-
geochemical nitrogen cycle. Moreover, urease has been 
recognized as a key virulence factor in several patho-
genic bacteria, including Proteus mirabilis, Klebsiella 
pneumoniae, and Helicobacter pylori. In the urinary 
tract, urease activity elevates local pH through ammonia 
production, promoting the formation of struvite stones. 
These stones can obstruct the urinary tract, impair anti-
biotic efficacy, and facilitate persistent bacterial coloni-
zation [1, 5, 6]. This pathogenic process is regulated by 
pH and depends on a proton-gated urea channel that 
promotes urea uptake under acidic conditions, thereby 
enabling urease activity at pH values as low as 2.5 [7]. In 
H. pylori, urease plays a central role in gastric mucosal 

colonization, contributing to the development of gastro-
intestinal pathologies such as peptic ulcers and poten-
tially gastric cancer [8]. The ammonia generated by 
urease exerts cytotoxic effects through direct epithelial 
damage and by promoting neutrophil-mediated cellu-
lar injury [1, 5]. Given urease’s critical involvement in 
microbial survival and pathogenesis, particularly in hos-
tile acidic or urea-rich environments, its inhibition repre-
sents a promising therapeutic strategy. Targeting urease 
could disrupt bacterial colonization, prevent disease pro-
gression, and enhance the efficacy of conventional anti-
microbial treatments [9].

Urease-catalyzed hydrolysis of urea to ammonia and 
carbamate (carbamic acid); the carbamate then hydro-
lyzes non-enzymatically to carbonic acid, releasing a 
second equivalent of NH₃ [9]. As shown in Fig. 2, urease 
exhibits a trimeric quaternary structure composed of 
three [(αβγ)₃]₄ units, each harbouring three active sites 
located within the α subunits. Each active site contains a 
dinuclear nickel center, with two closely spaced Ni atoms 
[Ni(1) and Ni(2)] separated by approximately 3.5 Å [10]. 
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A carbamylated lysine residue (αLys217*) bridges the two 
nickel ions through its Oθ1 and Oθ2 atoms, consistent 
with the requirement for carbon dioxide in vitro to facili-
tate lysine carbamylation and urease activation [11]. The 
catalytic activity of urease is intricately regulated through 
metal ion coordination and protein-protein interac-
tions. The insertion of nickel ions into the active site is 
not spontaneous but is orchestrated by a dedicated set 
of accessory proteins and chaperones, ensuring precise 
metallocenter assembly and enzymatic activation [12]. 
Additionally, in H. pylori, the ure gene cluster typically 
consists of seven genes. ureA and ureB encode the struc-
tural subunits of the enzyme, while ureE, ureF, ureG, and 
ureD function as accessory genes involved in inserting 
nickel ions into the active site, which is important for 
catalytic activity [2, 13]. The holoenzyme is composed of 
six copies of each subunit, with two nickel ions required 
per active site, which are located within the ureB sub-
unit [14]. Catalytic activity relies on the proper coordi-
nation of these nickel ions within the protein structure. 
Although the enzyme can assemble without nickel ions 
or accessory proteins, it remains inactive [2, 15].

The urease active site comprises two nickel ions (blue 
spheres) bridged by carboxylated lysine and a hydrox-
ide ion. Ni1 is ligated by His219, His246, and His272, 
whereas Ni2 is ligated by His134, His136, and Asp360; 
His320 is positioned nearby above the dinickel center. 
Oxygen atoms are colored red, nitrogen blue, and carbon 
gray; coordinating side chains are shown with gray car-
bons, with selected histidines highlighted in orange [12].

Recently, increasing attention has been directed toward 
the development of urease inhibitors, particularly in 
response to the growing issue of antibiotic resistance in 
H. pylori. To address this challenge, a wide range of het-
erocyclic and non-heterocyclic compounds have been 
synthesized with the aim of counteracting the pathogenic 
effects of urease-producing bacteria [Fig. 3]. Hydroxamic 
acids, such as acetohydroxamic acid (AHA, I), are clas-
sical inhibitors that chelate the active-site nickel and 
significantly reduce enzyme activity, though clinical 
use is limited by toxicity [16]. Phosphoramidates and 
phosphonic acids (II) act as transition state analogues 
and show strong nickel-binding properties [17]. Thio-
ureas and isothioureas (III) mimic the urea substrate 
and have shown moderate but specific urease inhibition 
III [18]. Schiff bases, particularly those containing thia-
zole and hydrazone motifs IV, have gained attention for 
their favorable urease inhibition profiles, likely due to 
their ability to coordinate metal centers in the enzyme 
[19]. Natural products, especially flavonoids and poly-
phenols like quercetin (V) and baicalin, exhibit signifi-
cant inhibitory effects, often through hydrogen bonding 
and π-interactions within the urease active site [20, 21]. 
In addition, sulfonates and sulfamates analogues have 
shown significant promise for urease inhibition. For 
instance, sulfonates and sulfamates bearing imidazo[2,1-
b]thiazole scaffold (VI) that exhibit a potent inhibitory 
activity of urease enzyme have demonstrated remarkable 
inhibitory effects [22]. Similarly, sulfonate and sulfamate 
derivatives bearing benzofuran (VII) or benzothiophene 
(VIII) scaffolds exhibited potent urease inhibition [23]. 
Moreover, Indole-3-carbaldehyde oximes (IX) evalu-
ated as urease inhibitors against H. pylori [24]. Recent 

Fig. 2  Structure of the urease active site

 

Fig. 1  Mechanism of urease-mediated urea hydrolysis
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advances in computational techniques, including molec-
ular docking and molecular dynamics simulations, have 
further enhanced the understanding of urease–ligand 
interactions and facilitated the optimization of inhibi-
tor design [25]. Collectively, these diverse chemotypes 
provide a valuable foundation for the continued devel-
opment of novel urease inhibitors with therapeutic 
potential in the treatment of H. pylori infections.

  
Sulfonates and sulfamates are well-established as bio-

compatible medicinal groups that have gained significant 
prominence within pharmaceutical compound libraries. 
Their incorporation into bioactive structures has been 
thoroughly explored, particularly for the therapeutic 
inhibition of these key metalloenzymes [22, 23, 26, 27]. 
These enzymes play essential roles in numerous physi-
ological and pathological pathways, making them attrac-
tive targets in drug discovery. Our previously published 
work demonstrated that benzo[b]furan and benzo[b]
thiophene scaffolds functionalized with sulfonate and 
sulfamate moieties exhibit potent urease inhibitory activ-
ity [23, 26, 28]. Building upon these findings, the present 

work reports the rational design and development of 
novel sulfonate and sulfamate analogues targeting urease. 
Our research specifically focused on the synthesis and 
comprehensive biological evaluation of indole-based sul-
fonate and sulfamate derivatives. The biological potential 
of the synthesized compounds was systematically inves-
tigated using a multifaceted analytical strategy, incorpo-
rating enzymatic inhibition assays, antibacterial activity 
profiling, structure-activity relationship (SAR) analysis, 
and molecular modelling studies [29–32]. Through these 
approaches, our aim is to identify promising lead com-
pounds with significant potential for therapeutic applica-
tions in urease-targeted antimicrobial strategies.

Materials and methods
General
Starting materials 5-bromo-1-methyl-1H-indole (2), 
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) phe-
nol (3), various sulfonyl and sulfamoyl chlorides were 
sourced from Sigma-Aldrich (Schnelldorf, Germany) 
and BLD Pharma (Beijing, China). The chemical trans-
formations were conducted in oven-dried glassware 

Fig. 3  Structures of urease inhibitors in literature [16–24]
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under nitrogen. Distillation was performed on all sol-
vents prior to their employment in purification and 
isolation processes involving column chromatography 
(200–400 mesh). Reaction progress was monitored using 
TLC (thin-layer chromatography) on 0.25  mm silica gel 
plates (E. Merck, 60 F 254) and visualized the results with 
iodine and a UV lamp. 1H and 13 C NMR spectra were 
acquired using a Bruker 500 MHz spectrometer. Chemi-
cal shifts are expressed in ppm, with spin multiplicities 
and coupling constants (in Hz) specified for their cor-
responding peaks. HRMS analysis was performed on a 
BRUKER TIMS TOF high resolution mass spectrometer 
and finally, melting points were measured using Stuart 
SMP50 (Staffordshire, UK) digital instrument.

The urease inhibition assay was conducted using a jack 
bean urease kit, with thiourea, urea, K₂HPO₄, LiCl, and 
EDTA purchased from Sigma-Aldrich. H. pylori ATCC 
43,504 (DSM 21031) was acquired from the German Col-
lection of Microorganisms and Cell Cultures (DSMZ), 
Braunschweig, Germany. Bacterial and cell culture 
media-including Brucella agar, RPMI, fetal bovine serum 
(FBS), horse serum, and acetohydroxamic acid (AHA; 
CAS No. 546-88-3) were purchased from Sigma- Aldrich 
(USA). For the microaerophilic cultivation of H. pylori, 
a CampyGen 2.5 L gas-generating pack (Oxoid, Thermo 
Scientific, UK) and an anaerobic jar (bioMérieux, France) 
were used. Bacterial suspension densities were standard-
ized employing the DensiCHEK PLUS (bioMérieux, 
France), and optical density (OD) was measured at 570–
600  nm using a Synergy H1 microplate reader (BioTek, 
USA). The half-maximal inhibitory concentration (IC₅₀) 
was calculated using GraphPad Prism version 8.0.2 
(GraphPad Inc., La Jolla, CA, USA). Minimum inhibitory 
concentrations (MICs) were determined by the agar dilu-
tion method, in accordance with Clinical and Laboratory 
Standards Institute (CLSI M07, 2019) guidelines.

Experimental procedure for the synthesis of target 
compounds (1a-t)
The synthetic method, experimental conditions, and 
characterization details align with our earlier study [23].

Experimental procedure for the synthesis of intermediate 
N-methylindole compound (4)
To a stirred solution of 5-bromo-1-methyl-1H-indole (2) 
(400  mg, 1.9 mmol, 1.0  eq.), (4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenol (3) (502  mg, 2.28 mmol, 
1.2  eq.) in 1,4-dioxane (12 mL) and H2O (6 mL) added 
K2CO3 (1.05 g, 7.62 mmol, 4 eq.) and purged the reaction 
system with N2. After 5 min, PdCl2(dppf) (111 mg, 0.15 
mmol, 0.08 eq.) was added and the reaction mixture was 
stirred under MW at 120 °C. After 2 h, the reaction mix-
ture was diluted with the reaction mixture was diluted 
with EtOAc (30 mL) and H2O (10 mL) and then organic 

layer was separated and subjected to sequential washes 
with H2O (30 mL) and followed by sat. aq. NaCl solu-
tion (20 mL). Subsequently, the organic phase was dried 
over anhydrous Na2SO4, filtered, and concentrated under 
reduced pressure. Purification was performed using nor-
mal phase column chromatography with mobile phase 
ethyl acetate: hexane 12:88 v/v; Yield: 64%; 1H NMR 
(500 MHz, Acetone-d6) δ 8.31 (s, 1H), 7.73 (d, J = 0.6 Hz, 
1H), 7.49 (d, J = 8.4 Hz, 2 H), 7.41–7.30 (m, 2 H), 7.21 (d, 
J = 3.1 Hz, 1H), 6.90 (d, J = 8.4 Hz, 2 H), 6.45 (d, J = 3.1 Hz, 
1H), 3.84 (s, 3  H); 13C NMR (126  MHz, Acetone-d6) 
δ 157.1, 137.0, 134.9, 133.3, 130.5, 130.2, 128.9, 121.4, 
119.0, 116.4, 116.3, 110.4, 101.7, 32.9, ESI-MS m/z: 
[M + H] ⁺ 223.94.

General experimental procedure for the synthesis of indole 
sulfonate compounds (1a-o)
To a stirred solution of compound 4 (40 mg, 0.18 mmol, 
1.0  eq.) and TEA (0.25 mL, 10.0  eq.) in DCM (2 mL) 
added dropwise addition of appropriate sulfonyl chloride 
(0.9 mmol, 5 eq.) in DCM (1 mL) at 0 °C under a nitrogen 
atmosphere over 10 min and stirred at rt. Ater 12 h, the 
reaction was quenched using Sat. aq. NaHCO3 solution 
and separated the DCM layer and subjected to sequen-
tial washes with H2O (5 mL) and followed by sat. aq. 
NaCl solution (5 mL). Subsequently, the organic phase 
was dried over anhydrous Na2SO4, filtered, and concen-
trated under reduced pressure. Further purification was 
carried out by trituration method using diethyl ether and 
n-pentane to afford the compounds 1a-f in good yields 
(47–91%).

4-(1-Methyl-1  H-indol-5-yl) phenyl ethane sulfonate 
(1a)  Trituration was performed using diethyl ether and 
n-pentane (1:5) v/v; Yield: 80%; Pale green color solid; 
mp:143–145  °C; 1H NMR (500  MHz, CDCl3) δ 7.80 
(d, J = 1.1  Hz, 1H), 7.68–7.64 (m, 2  H), 7.43 (dd, J = 8.5, 
1.7 Hz, 1H), 7.39 (d, J = 8.5 Hz, 1H), 7.35–7.31 (m, 2 H), 
7.10 (d, J = 3.1 Hz, 1H), 6.54 (dd, J = 3.1, 0.6 Hz, 1H), 3.83 
(s, 3 H), 3.32 (q, J = 7.4 Hz, 2 H), 1.57 (t, J = 7.5 Hz, 3 H); 
13C NMR (126 MHz, CDCl3) δ 148.0, 142.0, 136.5, 131.5, 
129.9, 129.1, 128.9, 122.2, 121.4, 119.6, 109.7, 101.5, 
45.0, 33.1, 8.4; HRMS (ESI-TOF): m/z [M + H]+ calcd for 
C₁₇H₁₇NO₃S, 316.1002 found 316.1003.

 4-(1-Methyl-1 H-indol-5-yl) phenyl propane-1-sulfo-
nate (1b)  Trituration was performed using diethyl ether 
and n-pentane(1:6) v/v; Yield: 68%; brown color solid; mp: 
76–78 °C; 1H NMR (500 MHz, CDCl3) δ 7.80 (d, J = 1.2 Hz, 
1H), 7.68–7.64 (m, 2 H), 7.43 (dd, J = 8.5, 1.7 Hz, 1H), 7.39 
(d, J = 8.5 Hz, 1H), 7.35–7.30 (m, 2 H), 7.10 (d, J = 3.1 Hz, 
1H), 6.54 (dd, J = 3.1, 0.6 Hz, 1H), 3.83 (s, 3 H), 3.28–3.24 
(m, 2 H), 2.10–2.01 (m, 2 H), 1.14 (t, J = 7.5 Hz, 3 H); 13C 
NMR (126  MHz, CDCl3) δ 148.0, 142.0, 136.5, 131.6, 
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129.9, 129.1, 128.9, 122.3, 121.4, 119.6, 109.7, 101.5, 52.1, 
33.1, 17.5, 13.1; HRMS (ESI-TOF): m/z [M + H]+ calcd for 
C₁₈H₁₉NO₃S, 330.1159 found 330.1159.

 4-(1-Methyl-1 H-indol-5-yl) phenyl propane-2-sulfo-
nate (1c)  Trituration was performed using diethyl ether 
and n-pentane(1:6) v/v; Yield: 91%; Pale brown color solid; 
mp: 155–157  °C; 1H NMR (500 MHz, CDCl3) δ 7.80 (d, 
J = 1.1 Hz, 1H), 7.68–7.63 (m, 2 H), 7.45–7.41 (m, 1H), 7.39 
(d, J = 8.5 Hz, 1H), 7.35–7.31 (m, 2 H), 7.10 (d, J = 3.1 Hz, 
1H), 6.54 (dd, J = 3.1, 0.6 Hz, 1H), 3.83 (s, 3 H), 3.56–3.46 
(m, 1H), 1.58 (d, J = 6.9  Hz, 6  H); 13C NMR (126  MHz, 
CDCl3) δ 147.9, 141.8, 136.5, 131.6, 129.8, 129.1, 128.8, 
122.2, 121.4, 119.6, 109.7, 101.5, 52.5, 33.1, 16.9; HRMS 
(ESI-TOF): m/z [M + H]+ calcd for C₁₈H₁₉NO₃S, 330.1159 
found 330.1160.

 4-(1-Methyl-1  H-indol-5-yl) phenyl butane-1-sulfo-
nate (1d)  Trituration was performed using diethyl ether 
and n-pentane(1:5) v/v; Yield: 77%; Pale brown color solid; 
mp: 157–159  °C; 1H NMR (500 MHz, CDCl3) δ 7.80 (d, 
J = 1.2 Hz, 1H), 7.68–7.63 (m, 2 H), 7.43 (dd, J = 8.5, 1.7 Hz, 
1H), 7.39 (d, J = 8.5  Hz, 1H), 7.35–7.31 (m, 2  H), 7.10 
(d, J = 3.1  Hz, 1H), 6.54 (dd, J = 3.0, 0.4  Hz, 1H), 3.83 (s, 
3 H), 3.33–3.24 (m, 2 H), 2.05–1.94 (m, 2 H), 1.59–1.49 
(m, 2  H), 1.00 (t, J = 7.4  Hz, 3  H); 13C NMR (126  MHz, 
CDCl3) δ 148.0, 142.0, 136.5, 131.6, 129.9, 129.1, 128.8, 
122.3, 121.4, 119.6, 109.7, 101.5, 50.2, 33.1, 25.6, 21.6, 13.7; 
HRMS (ESI-TOF): m/z [M + H]+ calcd for C₁₉H₂₁NO₃S, 
344.1315 found 344.1315.

 4-(1-Methyl-1 H-indol-5-yl)phenyl cyclopropane sul-
fonate (1e)  Trituration was performed using diethyl ether 
and n-pentane(1:5) v/v; Yield: 58%; Pale green color solid; 
mp: 126–128  °C; 1H NMR (500 MHz, CDCl3) δ 7.81 (d, 
J = 1.2 Hz, 1H), 7.68–7.63 (m, 2 H), 7.43 (dd, J = 7.1, 3.5 Hz, 
1H), 7.41–7.34 (m, 3 H), 7.10 (d, J = 3.1 Hz, 1H), 6.54 (d, 
J = 2.6  Hz, 1H), 3.83 (s, 3  H), 2.66–2.60 (m, 1H), 1.35–
1.29 (m, 2 H), 1.17–1.10 (m, 2 H); ¹³C NMR (126 MHz, 
CDCl3) δ 148.5, 141.9, 136.5, 131.5, 129.9, 129.1, 128.7, 
122.5, 121.3, 119.6, 109.7, 101.5, 33.1, 27.8, 6.4; HRMS 
(ESI-TOF): m/z [M + H]+ calcd for C₁₈H₁₇NO₃S, 328.1002 
found 328.1004.

4-(1-Methyl-1  H-indol-5-yl) phenyl cyclohexyl sulfo-
nate (1f)  Trituration was performed using diethyl ether 
and n-pentane (1:5) v/v; Yield: 47%; off white color solid; 
mp: 170–172  °C; 1H NMR (500 MHz, CDCl3) δ 7.80 (d, 
J = 1.2 Hz, 1H), 7.67–7.63 (m, 2 H), 7.43 (dd, J = 8.5, 1.7 Hz, 
1H), 7.38 (d, J = 8.5 Hz, 1H), 7.34–7.29 (m, 2 H), 7.10 (d, 
J = 3.1 Hz, 1H), 6.55–6.52 (m, 1H), 3.83 (s, 3 H), 3.30–3.20 
(m, 1H), 2.43–2.33 (m, 2  H), 2.01–1.93 (m, 2  H), 1.82–
1.70 (m, 3 H), 1.41–1.28 (m, 3 H); 13C NMR (126 MHz, 
CDCl3) δ 147.9, 141.7, 136.5, 131.7, 129.8, 129.1, 128.8, 

122.3, 121.4, 119.6, 109.7, 101.5, 60.5, 60.1, 33.1, 26.7, 25.2; 
HRMS (ESI-TOF): m/z [M + H]+ calcd for C₂₁H₂₃NO₃S, 
370.1472 found 370.1483.

4-(1-Methyl-1  H-indol-5-yl)phenyl benzenesulfonate 
(1 g)  Trituration was performed using diethyl ether and 
n-pentane(1:5) v/v; Yield: 49%; off white color solid; mp: 
112–114 °C; 1H NMR (500 MHz, CDCl3) δ 7.90 − 7.87 (m, 
2 H), 7.77–7.75 (m, 1H), 7.70–7.65 (m, 1H), 7.57–7.51 (m, 
4 H), 7.39 (dd, J = 8.5, 1.7 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H), 
7.09 (d, J = 3.1 Hz, 1H), 7.04–7.00 (m, 2 H), 6.53–6.51 (m, 
1H), 3.82 (s, 3 H); 13C NMR (126 MHz, CDCl3) δ 148.4, 
141.9, 136.5, 135.7, 134.3, 131.5, 129.9, 129.3, 129.1, 128.7, 
128.5, 122.6, 121.3, 119.6, 109.7, 101.5, 33.1; HRMS (ESI-
TOF): m/z [M + H]+ calcd for C₂₁H₁₇NO₃S, 364.1002 
found 364.1001.

4-(1-Methyl-1 H-indol-5-yl)phenyl 4-methylbenzene-
sulfonate (1 h)  Trituration was performed using diethyl 
ether and n-pentane(1:5) v/v; Yield: 59%; Pale pink color 
solid; mp: 146–148  °C; 1H NMR (500  MHz, CDCl3) 1H 
NMR (500 MHz, CDCl3) δ 7.77–7.73 (m, 3 H), 7.56–7.51 
(m, 2 H), 7.40 (dd, J = 8.5, 1.7 Hz, 1H), 7.36 (d, J = 8.5 Hz, 
1H), 7.32 (t, J = 6.0  Hz, 2  H), 7.09 (d, J = 3.1  Hz, 1H), 
7.04–7.01 (m, 2 H), 6.52 (dd, J = 3.1, 0.6 Hz, 1H), 3.82 (s, 
3 H), 2.46 (s, 3 H); 13C NMR (126 MHz, CDCl3) δ 148.5, 
145.4, 141.7, 136.5, 132.7, 131.5, 129.9, 129.8, 129.1, 128.8, 
128.4, 122.6, 121.3, 119.6, 109.7, 101.5, 33.1, 21.9; HRMS 
(ESI-TOF): m/z [M + H]+ calcd for C₂₂H₁₉NO₃S, 378.1159 
found 378.1160.

4-(1-Methyl-1  H-indol-5-yl)phenyl 4-(tert-butyl)ben-
zenesulfonate (1i)  Trituration was performed using 
diethyl ether and n-pentane(1:5) v/v; Yield: 41%; white 
color solid; mp 123–125 °C; 1H NMR (500 MHz, CDCl3) δ 
7.82–7.78 (m, 2 H), 7.77 (dd, J = 1.6, 0.6 Hz, 1H), 7.56–7.52 
(m, 4 H), 7.40 (dd, J = 8.5, 1.7 Hz, 1H), 7.36 (d, J = 8.5 Hz, 
1H), 7.09 (d, J = 3.1 Hz, 1H), 7.07–7.03 (m, 2 H), 6.52 (dd, 
J = 3.1, 0.6 Hz, 1H), 3.82 (s, 3 H), 1.35 (s, 9 H); 13C NMR 
(126  MHz, CDCl3) δ 148.4, 141.8, 139.6, 136.5, 135.5, 
135.1, 131.5, 129.9, 129.1, 128.9, 128.5, 125.9, 122.6, 121.3, 
119.6, 109.7, 101.5, 33.1, 29.8, 21.4; HRMS (ESI-TOF): m/z 
[M + H]+ calcd for C₂₅H₂₅NO₃S, 420.1628 found 420.1626.

4-(1-Methyl-1  H-indol-5-yl)phenyl 4-fluorobenzene-
sulfonate (1j)  Trituration was performed using diethyl 
ether and n-pentane(1:6) v/v; Yield: 40%; dark green color 
solid; mp: 123–125  °C; 1H NMR (500  MHz, CDCl3) δ 
7.92–7.87 (m, 2 H), 7.77 (dd, J = 1.6, 0.7 Hz, 1H), 7.57–7.53 
(m, 2 H), 7.40 (dd, J = 8.5, 1.7 Hz, 1H), 7.37 (d, J = 8.5 Hz, 
1H), 7.24–7.20 (m, 2 H), 7.09 (d, J = 3.1 Hz, 1H), 7.05–7.01 
(m, 2 H), 6.52 (dd, J = 3.1, 0.6 Hz, 1H), 3.82 (s, 3 H); 13C 
NMR (126 MHz, CDCl3) δ 167.2, 166.2 (d, J = 257.4 Hz), 
165.1, 148.2, 142.0, 136.6, 131.7, 131.6 (d, J = 10.0  Hz), 
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131.6, 131.6, 131.4, 129.9, 129.1, 128.6, 122.5, 121.3, 119.6, 
116.8, 116.7 (d, J = 22.8 Hz), 116.6, 109.7, 101.5, 77.4, 77.2, 
76.9, 33.1; HRMS (ESI-TOF): m/z [M + H]+ calcd for 
C₂₁H₁₆FNO₃S, 382.0908 found 382.0908.

4-(1-Methyl-1 H-indol-5-yl phenyl 4-(trifluoromethyl)
benzenesulfonate (1k)  Trituration was performed using 
diethyl ether and n-pentane (1:4) v/v; Yield: 48%; off white 
color solid; mp: 120–122 °C; 1H NMR (500 MHz, CDCl3) 
δ 8.02 (d, J = 8.2  Hz, 2  H), 7.82 (d, J = 8.3  Hz, 2  H), 7.77 
(d, J = 0.8  Hz, 1H), 7.59–7.55 (m, 2  H), 7.41–7.35 (m, 
2 H), 7.09 (d, J = 3.1 Hz, 1H), 7.06–7.02 (m, 2 H), 6.52 (d, 
J = 3.0 Hz, 1H), 3.82 (s, 3 H); 13C NMR (126 MHz, CDCl3) 
δ 148.1, 142.3, 139.3, 136.6,136.3, 135.9 (q, J CF = 33.3 Hz) 
135.8, 135.5,131.2, 129.9, 129.3, 129.1, 128.7, 126.5 (d, JCF 
= 3.7 Hz), 126.4, 124.2, 123.2, (q, J CF = 260.2 Hz). 122.4, 
121.2, 119.8,119.6, 109.8, 101.6, 33.1; HRMS (ESI-TOF): 
m/z [M + H]+ calcd for C₂₂H₁₆F₃NO₃S, 432.0876 found 
432.0879.

4-(1-Methyl-1 H-indol-5-yl)phenyl 3-methylbenzenesulfonate 
(1 L)
Purification was performed using normal column chro-
matography at 10% Ethyl acetate and Hexane; Yield: 
70%; off white color solid; mp: 102–104  °C; 1H NMR 
(500  MHz, CDCl3) δ 7.76 (dd, J = 1.6, 0.6  Hz, 1H), 7.71 
(s, 1H), 7.67 (d, J = 7.7 Hz, 1H), 7.56–7.52 (m, 2 H), 7.49–
7.46 (m, 1H), 7.44–7.35 (m, 3 H), 7.09 (d, J = 3.1 Hz, 1H), 
7.05–7.01 (m, 2 H), 6.52 (dd, J = 3.1, 0.6 Hz, 1H), 3.82 (s, 
3 H), 2.43 (s, 3 H); 13C NMR (126 MHz, CDCl3) δ 148.4, 
141.8, 139.6, 136.5, 135.6, 135.1, 131.5, 129.9, 129.1, 
129.0, 128.5, 125.9, 122.6, 121.3, 119.6, 109.7, 101.5, 33.1, 
21.4; HRMS (ESI-TOF): m/z [M + H]+ calcd C₂₂H₁₉NO₃S, 
378.1159 for found 378.1162.

4-(1-Methyl-1 H-indol-5-yl)phenyl 4-ethylbenzenesulfonate 
(1 m)
Trituration was performed using diethyl ether and 
n-pentane(1:5) v/v; Yield: 56%; brown color solid; mp: 
103–105  °C; 1H NMR (500  MHz, CDCl3) δ 7.77 (dd, 
J = 8.9, 4.7  Hz, 3  H), 7.56–7.52 (m, 2  H), 7.42–7.33 (m, 
4 H), 7.08 (t, J = 4.6 Hz, 1H), 7.05–7.01 (m, 2 H), 6.52 (d, 
J = 3.1 Hz, 1H), 3.82 (s, 3 H), 2.75 (q, J = 7.7 Hz, 2 H), 1.28 
(t, J = 7.6 Hz, 3 H); 13C NMR (126 MHz, CDCl3) δ 151.5, 
148.4, 141.7, 136.5, 132.9, 131.5, 129.8, 129.1, 128.8, 
128.7, 128.4, 122.6, 121.3, 119.6, 109.7, 101.5,33.1, 29.1, 
15.1; HRMS (ESI-TOF): m/z [M + H]+ calcd C₂₃H₂₁NO₃S, 
392.1315 for found 392.1314.

4-(1-Methyl-1  H-indol-5-yl)phenyl 4-methoxyben-
zenesulfonate (1n)  Trituration was performed using 
diethyl ether and n-pentane(1:5) v/v; Yield: 44%; brown 
color solid; mp: 116–118 °C; 1H NMR (500 MHz, CDCl3) 
δ 7.82–7.75 (m, 3 H), 7.54 (d, J = 8.6 Hz, 2 H), 7.39 (dd, 

J = 17.0, 5.0  Hz, 2  H), 7.09 (d, J = 3.0  Hz, 1H), 7.03 (d, 
J = 8.6 Hz, 2 H), 6.98 (d, J = 8.9 Hz, 2 H), 6.52 (d, J = 2.9 Hz, 
1H), 3.89 (s, 3  H), 3.82 (s, 3  H); ¹³C NMR (126  MHz, 
CDCl3) δ 164.1, 148.3, 141.6, 136.4, 131.4, 130.9, 129.7, 
129.0, 128.3, 126.9, 122.6, 121.2, 119.4, 114.3, 109.6, 101.4, 
55.7, 33.0; HRMS (ESI-TOF): m/z [M + H]+ calcd for 
C₂₂H₁₉NO₄S, 394.1108 found 394.1110.

4-(1-Methyl-1  H-indol-5-yl)phenyl 3,4-dimethoxy-
benzenesulfonate (1o)  Trituration was performed using 
diethyl ether and n-pentane(1:5) v/v; Yield: 68%; off white 
color solid; mp: 137–139 °C; 1H NMR (500 MHz, CDCl3) 
δ 7.76 (d, J = 1.0  Hz, 1H), 7.57–7.52 (m, 2  H), 7.46 (dd, 
J = 8.5, 2.1 Hz, 1H), 7.42–7.35 (m, 2 H), 7.27 (d, J = 2.1 Hz, 
1H), 7.09 (d, J = 3.1 Hz, 1H), 7.06–7.01 (m, 2 H), 6.92 (d, 
J = 8.5 Hz, 1H), 6.52 (d, J = 3.0 Hz, 1H), 3.96 (s, 3 H), 3.86 
(s, 3 H), 3.82 (s, 3 H); ¹³C NMR (126 MHz, CDCl3) δ 153.9, 
149.2, 148.5, 141.8, 136.5, 131.5, 129.9, 129.1, 128.4,126.9, 
123.1, 122.7, 121.3, 119.6, 110.8, 110.5, 109.7, 101.5,77.4, 
77.2, 76.9, 56.4, 56.4, 33.1; HRMS (ESI-TOF): m/z [M + H]+ 
calcd for C₂₃H₂₁NO₅S, 424.1213 found 424.1219.

General experimental procedure for the synthesis of indole 
sulfamate compounds (1p, 1q)
To a stirred solution of compound 4 (40 mg, 0.18 mmol, 
1.0  eq.) in DMAc (2 mL) added appropriate sulfamoyl 
chlorides (0.54 mmol, 3  eq.) at 0  °C under a nitrogen 
atmosphere over 10 min and then stirred at rt. After 2 h, 
the reaction was quenched using Sat. aq. NaHCO3 solu-
tion and the obtained reaction mixture was continued 
to stir for an additional 1 h, then the resultant solid was 
filtered off and followed by triturated using diethyl ether 
and n-pentane to give required sulfamates 1p and 1q in 
good yields.

4-(1-Methyl-1  H-indol-5-yl)phenyl sulfamate 
(1p)  Trituration was performed using diethyl ether and 
n-pentane(1:5) v/v; Yield: 56%; Green color solid; mp: 
171–173  °C; 1H NMR (500 MHz, Acetone-d6) δ 7.84 (s, 
1H), 7.75–7.69 (m, 2  H), 7.51–7.45 (m, 2  H), 7.42–7.36 
(m, 2  H), 7.27 (d, J = 3.1  Hz, 1H), 7.16 (s, 2  H), 6.50 (d, 
J = 3.0 Hz, 1H), 3.87 (s, 3 H); ¹³C NMR (126 MHz, Ace-
tone-d₆) δ 150.5, 142.2, 137.7, 132.2, 131.2, 130.4, 129.1, 
123.7, 121.8, 120.0, 111.0, 102.2, 33.2.; HRMS (ESI-TOF): 
m/z [M + H]+ calcd for C₁₅H₁₄N₂O₃S, 303.0798 found 
303.0799.

4-(1-Methyl-1  H-indol-5-yl)phenyl methyl sulfamate 
(1q)  Trituration was performed using diethyl ether and 
n-pentane(1:5) v/v; Yield: 54%; Pale pink color solid; mp: 
169–171  °C; 1H NMR (500 MHz, Acetone-d6) δ 7.84 (s, 
1H), 7.77–7.70 (m, 2  H), 7.51–7.45 (m, 2  H), 7.40–7.35 
(m, 2 H), 7.27 (d, J = 3.1 Hz, 1H), 6.50 (d, J = 3.0 Hz, 1H), 
3.87 (s, 3 H), 2.92 (s, 3 H); ¹³C NMR (126 MHz, Acetone-
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d₆) δ 150.0, 142.1, 137.5, 131.9, 130.9, 130.2, 129.0, 123.2, 
121.5, 119.8, 110.7, 101.9, 33.0, 30.3; HRMS (ESI-TOF): 
m/z [M + H]+ calcd C₁₆H₁₆N₂O₃S, 317.0955 for found 
317.0965.

General process for the synthesis of target indole sulfamate 
compounds (1r-t)
To a stirred solution of compound 4 (40 mg, 0.18 mmol, 
1.0 eq.) in DMF (2 mL) added NaH (0.56 mmol, 2.5 eq.) 
at 0  °C and stirred for 20 min under N2. Following this, 
added dropwise appropriate sulfamoyl chlorides (0.54 
mmol, 3  eq.) in DMF (1 mL) at 0  °C under a nitrogen 
atmosphere over 10  min and then stirred at rt. After 
2  h, the reaction was quenched with H2O (10 mL) and 
the obtained reaction mixture was partitioned between 
EtOAc (20 mL) and H2O (30 mL). Separated the organic 
layer and washed with sat. aq. NaCl solution (15 mL) and 
dried over anhydrous Na2SO4, filtered, and concentrated 
under reduced pressure. Further purification was carried 
out by trituration method using diethyl ether and n-pen-
tane to afford the compounds 1r-t in moderate (41–48%).

4-(1-Methyl-1  H-indol-5-yl) phenyl dimethyl sulfa-
mate (1r)  Trituration was performed using diethyl ether 
and n-pentane(1:5) v/v; Yield: 48%; pink color solid; mp: 
147–149  °C; Yield:48%; 1H NMR (500  MHz, Acetone-
d6) δ 7.84 (s, 1H), 7.75 (d, J = 8.6 Hz, 2 H), 7.52–7.44 (m, 
2 H), 7.39 (d, J = 8.6 Hz, 2 H), 7.27 (d, J = 3.0 Hz, 1H), 6.50 
(d, J = 3.0 Hz, 1H), 3.87 (s, 3 H), 3.00 (s, 6 H); 13C NMR 
(126 MHz, Acetone-d6) δ 149.1, 141.3, 136.6, 131.0, 130.0, 
129.3, 128.2,, 122.1, 120.7, 119.0, 109.8, 101.0, 38.1, 32.1; 
HRMS (ESI-TOF): m/z [M + H]+ calcd for C₁₇H₁₈N₂O₃S, 
331.1111 found 331.1120.

4-(1-Methyl-1  H-indol-5-yl) phenyl pyrrolidine-1-sul-
fonate ( 1 s)  Trituration was performed using diethyl 
ether and n-pentane(1:5) v/v; Yield: 42%; Pale brown color 
solid; mp: 170–172  °C; 1H NMR (500  MHz, Acetone-
d6) δ 7.84 (t, J = 1.2 Hz, 1H), 7.76–7.73 (m, 2 H), 7.48 (d, 
J = 1.1 Hz, 2 H), 7.42–7.38 (m, 2 H), 7.27 (d, J = 3.1 Hz, 1H), 
6.50 (d, J = 3.1 Hz, 1H), 3.87 (s, 3 H), 3.46–3.41 (m, 4 H), 
2.00–1.96 (m, 4 H); 13C NMR (126 MHz, Acetone-d6) δ 
150.1, 142.1, 137.5, 131.9, 130.9, 130.2, 129.0, 123.1, 121.6, 
119.8, 110.7, 101.9, 50.0, 33.0, 26.3; HRMS (ESI-TOF): 
m/z [M + H]+ calcd for C₁₉H₂₀N₂O₃S, 357.1268 found 
357.1279.

4-(1-Methyl-1  H-indol-5-yl) phenyl piperidine-1-sul-
fonate (1 t)  Trituration was performed using Diethyl 
ether and n-pentane (1: 5) v/v; Yield: 41%; brown color 
solid; mp: 138–140  °C; 1H NMR (500  MHz, CDCl3) δ 
7.80 (s, 1H), 7.64 (d, J = 7.0 Hz, 2 H), 7.51–7.29 (m, 4 H), 
7.09 (s, 1H), 6.53 (s, 1H), 3.83 (s, 3 H), 3.50–3.34 (m, 4 H), 
1.79–1.61 (m, 6 H); 13C NMR (126 MHz, CDCl3) δ 149.1, 

141.4, 136.5, 131.8, 129.8, 129.1, 128.6, 122.0, 121.4, 119.6, 
109.7, 101.5, 48.1, 33.1, 25.2, 23.6; HRMS (ESI-TOF): m/z 
[M + H]+ calcd for C₂₀H₂₂N₂O₃S, 371.1424 found 371.1436.

In vitro urease inhibition assay
The urease inhibitory activity of the compounds 1a-t 
was measured using a modified indophenol method [33, 
34]. In 96-well plates, a mixture of 70 µL buffer pH 8.2 
(0.01 mol/L K2HPO4, 100 mmol/L urea, 1 mmol/L EDTA 
and 0.01 mol/L LiCl2), 10 µL urea substrate, 10 µL of 5 
U/mL urease, and 10 µL of the test compounds (1 mM) 
were incubated for 5 min at room temperature. Subse-
quently, 10 µL of coloring agent (0.5% w/v NaOH, 0.1% 
active chloride NaOCl) was added to each well. After 10 
min, the absorbance was measured at 630 nm using an 
ELISA plate reader. Data were collected in triplicate and 
the percentage of urease inhibition was calculated using 
the following formula:

% Inhibition = 100 − (O.D test compound/O.D control) 
×100.

The IC50 values were determined using non-linear 
regression analysis of concentration-response curves 
generated from at least triplicate experiments. Data was 
analyzed using a four-parameter logistic model in Graph-
Pad Prism, which is the gold standard for enzymatic and 
pharmacological IC50 determination.

Antimicrobial activity screening against H. pylori, E. coli 
and Gut microflora
Bacterial culture
The H. pylori strain ATCC 43,504 (DSM 21031) was 
obtained from the German Collection of Microorgan-
isms and Cell Cultures (DSMZ, Germany). It was cul-
tured on Brucella agar (Sigma, USA) enriched with 10% 
horse serum and Skirrow Campylobacter Selective Sup-
plement (Oxoid, UK), and incubated at 37  °C for 3–5 
days under microaerophilic conditions (5% O₂, 10% CO₂, 
85% N₂), generated using either CampyGen 2.5  L gas 
packs in anaerobic jars (BioMérieux, France) or a Whit-
ley A20 Microaerophilic Workstation (Don Whitley, 
UK). The Escherichia coli ATCC 25,922 (ATCC, USA) 
was grown aerobically on MacConkey agar at 37  °C for 
24  h. Lactobacillus strains, (L. acidophilus, L. casei, L. 
gasseri, L. johnsonii, L. plantarum, and L. rhamnosus) 
were sourced from Microbiologics (USA), cultivated on 
MRS agar (Sigma, USA), and incubated anaerobically for 
24 h at 37  °C using 2.5 L AnaeroGen sachets (BioMéri-
eux, France). Gram staining was periodically performed 
to verify strain purity and morphology. Following micro-
broth dilution assays, bacterial spotting and subsequent 
Gram staining were performed to confirm bacillary mor-
phology and rule out contamination.
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Antibacterial Susceptibility Testing
The antimicrobial susceptibility of H. pylori was assessed 
using the agar dilution method, following the CLSI 2024 
guidelines to determine the minimum inhibitory concen-
tration. The MIC was determined for each compound 
using a standardized broth microdilution method. Bac-
terial suspensions were adjusted to 2 McFarland stan-
dards (1 × 10⁷−1 × 10⁸ CFU/mL) using a DensiCHEK 
turbidimeter (BioMérieux, France). Aliquots (5 µL) were 
spot-inoculated onto Mueller-Hinton agar (Sigma, USA) 
supplemented with 10% horse serum (Sigma, USA) and 
Skirrow Campylobacter Selective Supplement (Oxoid, 
Thermo Scientific, UK). The agar plates were prepared 
with eight different concentrations [200 µM, 100 µM, 50 
µM, 25 µM, 12.5 µM, 6.25 µM, 3.12 µM and 1.56 µM] of 
the tested compounds (1a-t). The MIC was defined as the 
lowest concentration at which complete bacterial growth 
inhibition was observed. A positive control consisted of 
H. pylori inoculated onto drug-free agar. For E. coli, a bac-
terial suspension of 0.5 McFarland (1.5 × 108 CFU/mL) 
was prepared and tested against the two most promising 
compounds, 1 h and 1k, using the agar dilution method 
with the same concentration range [100 µM-0.098 µM]. 
To determine half-maximal inhibitory concentration 
(IC50), a micro broth dilution assay was performed for the 
20 compounds 1a-t using Mueller-Hinton broth (Sigma, 
USA) supplemented with 10% Horse serum (Sigma, 
USA) and Skirrow Campylobacter Selective Supple-
ment (Oxoid, Thermo Scientific, UK). Two-fold serial 
dilutions of each compound were prepared in microti-
ter plates, ranging from 100 µM to 0.049 µM. An equal 
volume of H. pylori suspension (1.0 McFarland standard) 
was added to each well, followed by incubation at 37 °C 
under microaerophilic conditions. For E. coli and Lacto-
bacillus strains, bacterial suspensions were prepared at a 
0.5 McFarland standard using Mueller-Hinton broth and 
MRS broth, respectively. Optical density was measured 
at 570 nm using a Synergy H1 microplate reader (BioTek, 
USA) after 72 h of incubation for H. pylori and 24 h for 
E. coli and Lactobacillus species. IC₅₀ values were deter-
mined using GraphPad Prism version 10.4.2 (GraphPad 
Inc., La Jolla, CA, USA). All compounds were dissolved in 
dimethyl sulfoxide (DMSO; Sigma, USA) at a maximum 
concentration of 100 µM, with the final DMSO con-
centration not exceeding 2% (v/v). At this level, DMSO 
exhibited no inhibitory effects on H. pylori, ensuring 
that observed antimicrobial activity was attributable to 
the compounds. Amoxicillin (Sigma, USA) was used as 
the positive control at concentrations of 10  µg/mL and 
0.007 µg/mL for H. pylori. Acetohydroxamic acid (AHA; 
Sigma, CAS No. 546-88-3) was employed as the positive 
control for anti-urease activity. Antimicrobial suscepti-
bility testing was performed in triplicate using the agar 
dilution method and in duplicate using the microbroth 

dilution method for all 20 compounds. For compounds 
1 h and 1k, four independent microbroth dilution assays 
were conducted to verify consistent activity.

Cytotoxicity testing against human gastric epithelial cells 
and human dermal fibroblasts
Mammalian cell culture
Human gastric adenocarcinoma cells (AGS; ATCC CRL-
1739 CLS, Germany) and normal fibroblast cells (F180) 
were cultured in RPMI-1640 (R8758-500ML, Sigma-
Aldrich) and Dulbecco’s Modified Eagles Medium 
(DMEM; D6429-500mL, Sigma-Aldrich), respectively. 
RPMI-1640 and DMEM were supplemented with 10% 
and 20% Fetal Bovine Serum (FBS; F2442-500ML, Sigma-
Aldrich), respectively. Both media were further enriched 
with 1% penicillin-streptomycin (100  µg/mL and 100 
IU/mL; P4333-100ML, Sigma-Aldrich). The cells were 
incubated at 37  °C in a humidified atmosphere with 5% 
CO2 and cultured in polystyrene T75 (75cm2) culture 
flasks (734–2313, VWR). Once the cultures attained 
70–80% confluency, they were utilized for experimenta-
tion. Before subculturing or experimentation, cells were 
washed with Dulbecco phosphate buffered saline (PBS) 
(D8537-500ML, Sigma-Aldrich) and detached using a 
trypsin-EDTA solution (T4299-100ML, Sigma-Aldrich).

MTT Cytotoxicity Assay
The cytotoxicity of the two most promising compounds, 
1  h and 1k, was evaluated using the 3-(4,5-Dimethyl-2-
thiazolyl)−2,5-diphenyl-2 H-tetrazolium bromide (MTT) 
assay (M5655-1G, Sigma-Aldrich). AGS cells (4,500 cells 
per well) were seeded in 96-well plates (3599, Corning) 
and allowed to adhere and grow for 24 h before separate 
treatment with five different concentrations [6.25 µM, 
3.125 µM, 1.5625 µM, 0.78 µM, and 0.39 µM] of each 
compound. Similarly, fibroblasts were seeded in 24-well 
plates (130186, ThermoScientific) at a density of 20,000 
cells per well and subjected to the same treatment con-
ditions It is noteworthy that the selected concentration 
range was designed to overlap with the previously deter-
mined minimum inhibitory concentration (MIC) values 
of 1 h and 1k against H. pylori, ensuring the relevance of 
cytotoxicity findings to their antibacterial potential.

Following 48-hour incubation, the medium was 
removed from each well and replaced with 100 µL of 
MTT solution (1:10 dilution; 500 µg/mL) per well for the 
96-well plates and 200 µL per well for the 24-well plates. 
The plates were incubated at 37 °C for an additional 2 h. 
Following incubation, the MTT solution was discarded, 
having the formed formazan crystals dissolve in 100 µL 
of Dimethyl sulfoxide (DMSO; 20688, ThermoScientific) 
per well for the 96-well plates and 400 µL per well for the 
24-well plates. From each well in the 24-well plate, 200 
µL of the solution was transferred to a 96-well plate for 
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accurate absorbance measurement. For complete solubi-
lization, plates were agitated on a plate shaker for 15 min 
prior to absorbance measurement at 570 nm (Synergy H1 
microplate reader, BioTek). IC50 values were calculated 
from duplicate experiments using GraphPad Prism 10.4.2 
(GraphPad Inc., La Jolla). The data were analyzed by one-
way ANOVA followed by Tukey’s test wherein * denotes 
P < 0.05, ** denotes P ≤ 0.01, *** denotes P ≤ 0.001 and ns: 
non-significant difference.

Urease activity assay
Enzyme activity assessments were performed using 
the Urease Microplate Assay Kit (Catalog Number 
MBS8305401, My BioSource, San Diego, USA), with 
all reagents and experimental preparations carried out 
according to the manufacturer’s protocol. H. pylori sus-
pensions, standardized to 0.5 McFarland density, were 
incubated under various conditions, including untreated 
(positive control), in the presence of two test compounds 
(1 h and 1k) individually at their MIC and IC50 concen-
trations, and alongside the urease inhibitor (AHA), as 
determined through prior agar dilution and microti-
ter broth dilution assays. Urease enzymatic activity was 
determined by quantifying the release of ammonia, with 
one unit of activity is defined as the amount of enzyme 
required to produce 1 µmol of ammonia per minute. 
Absorbance was measured at 620  nm, with ammonia 
concentrations calculated using the equation: Urease 
activity % = (H. pylori activity with compounds/H. pylori 
activity without compounds) × 100. The urease activity of 
the positive control provided in the kit was designated as 
100%, serving as the baseline reference for comparative 
analysis. The data were analyzed by one-way ANOVA fol-
lowed by Tukey’s test in GraphPad Prism version 10.4.2, 
wherein * denotes P < 0.05, ** denotes P ≤ 0.01, *** denotes 
P ≤ 0.001 and ns: non-significant difference.

Caco-2 A-B permeability
We have conducted the same procedure reported in 
the literature [22] but using LC-UV detector. The most 
active anti-H. pylori compounds 1 h, 1j, 1k, and 1n, along 
with the reference drugs labetalol and propranolol, were 
assessed for their permeability across Caco-2 monolay-
ers (apical-to-basolateral, A-B) at pH 6.5–7.4 and at their 
respective MIC values against H. pylori.

Molecular modelling protocols
Structure selection and preparation
Molecular docking studies were conducted to investigate 
the potential interactions between the synthetic com-
pounds and the urease enzyme. The three-dimensional 
structure of H. pylori urease (PDB ID: 6ZJA) [23, 35] 
and jack bean urease (PDB ID: 4GY7) [36] was obtained 
from the Protein Data Bank and served as the receptor 

for docking. Before initiating the docking, the protein 
structures were analyzed for any missing residues, which 
were modelled and corrected using PDBFixer, a structure 
refinement tool integrated within the Neurosnap plat-
form. The corrected models were then used for docking 
analysis after removing the crystallographic water mol-
ecules beyond 5 Å from the active site and adding the 
polar hydrogen atoms. The protein was assigned the pro-
tonation state at physiological pH [37, 38].

Ligand preparation
The ligand structures were prepared using energy mini-
mization applying MM2 force field using Chem3D soft-
ware functionality of CambridgeSoft Ultra 12.0 (​h​t​t​p​​s​:​/​​/​
c​o​m​​p​u​​t​i​n​​g​.​c​​h​.​c​a​​m​.​​a​c​.​​u​k​/​​s​o​f​t​​w​a​​r​e​/​​c​h​e​​m​d​r​a​​w​-​​a​n​d​-​c​h​e​m​
o​f​f​i​c​e).

Docking studies
The interaction between the most potent urease inhibi-
tors 1 h, 1k, 1 m, and 1n against the enzyme urease was 
investigated by DiffDock, which is part of the Neurosnap 
platform and applies a diffusion-based generative model 
[39]. Unlike conventional docking tools, DiffDock does 
not rely on the grid parameters for selecting the active 
pocket in the protein; instead, it infers the druggable 
binding site through learned protein-ligand structural 
correlation. The inhibitor structures were provided in the 
form of SMILES along with the protein receptor in PDB 
format. Docking was performed to produce 100 binding 
conformations for each ligand, which were subsequently 
ranked using a learned confidence-based scoring func-
tion to identify the best pose. The best docked poses were 
evaluated for interactions with the binding pocket resi-
dues using BIOVIA Discovery Studio 2021 [40]. Addi-
tionally, the docking protocol was validated by redocking 
of the co-crystalline ligands of the selected proteins using 
the same protocol as described above and the poses were 
visualized and superimposed for analysis in PyMOL.

ADMET analysis
The ADMET analysis was performed using an advanced 
freely accessible platform ADMETlab 3.0 [41, 42]. It 
provides physiochemical, medicinal, absorption, dis-
tribution, metabolism, excretion (ADME), and toxicity 
endpoints. It accepts SMILES of compounds as input and 
provides results in graphical and tabular form.

Molecular Dynamics Simulation
To investigate the conformational dynamics and struc-
tural stability of the H. pylori urease and Jack bean ure-
ase, simulations were conducted on both the apo forms 
and the ligand-bound complexes, specifically involving 
compounds 1 h and 1n. The structures employed were 
obtained from prior molecular docking studies and 

https://computing.ch.cam.ac.uk/software/chemdraw-and-chemoffice
https://computing.ch.cam.ac.uk/software/chemdraw-and-chemoffice
https://computing.ch.cam.ac.uk/software/chemdraw-and-chemoffice
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refined as described in our previous work [23]. System 
preparation followed a rigorously validated protocol pre-
viously employed by researchers [43–45]. Protonation 
states of ionizable residues were assigned at physiologi-
cal pH (7.4), using a combination of MolProbity [46], H 
+ + web server [47], and manual evaluation to ensure 
chemical accuracy. Lysine and arginine residues were 
maintained in their protonated (cationic) forms, while 
aspartate and glutamate were treated as deprotonated 
(anionic). Histidine residues were modelled in their neu-
tral states, singly protonated either at the Nδ or Nε posi-
tion, depending on their hydrogen bonding environment 
and electrostatic context. Topology and coordinate files 
were generated using the LEaP module of AmberTools22 
[48]. The proteins were modelled using the ff19SB force 
field [49], while ligand parameters were derived using the 
General AMBER Force Field 2 (GAFF2) [50]. Each system 
was immersed in a truncated octahedral box of “opti-
mal” 3-charge, 4-point rigid water model (OPC) water 
molecules [51], with a buffer of at least 10 Å between the 
solute and the box boundaries. Counter-ions (Na⁺) were 
added to neutralize the system, using parameters from 
Joung and Cheatham [52]. All molecular dynamics sim-
ulations were carried out using AMBER 22 [48]. Initial 
energy minimization was performed using 2000 steps of 
the steepest descent algorithm, with positional restraints 
(5.0 kcal mol⁻¹) applied to the heavy atoms of the pro-
tein, while allowing solvent molecules and ions to relax. 
Following minimization, systems were heated to 298.15 
K over 400 ps under constant volume conditions (NVT 
ensemble), employing a Langevin thermostat [53] with 
a collision frequency of 5 ps⁻¹. Protein backbone atoms 
remained restrained during this phase using a force con-
stant of 5.0 kcal mol⁻¹. Equilibration was subsequently 
conducted under constant pressure (NPT ensemble) for 
1 ns using the Berendsen barostat [54], during which 
positional restraints on the protein backbone were grad-
ually reduced and then removed. For production, three 
independent 100 ns NPT simulations were performed for 

each system, with distinct random seeds. A 2 fs integra-
tion time step was used, and the SHAKE algorithm was 
applied to constrain all bonds involving hydrogen atoms 
[55, 56]. Non-bonded interactions were truncated at 10 
Å, and long-range electrostatics were computed using 
the Particle Mesh Ewald (PME) method with a 10 Å real-
space cut-off [57, 58]. Simulation trajectories were saved 
at 100 ps intervals for post-processing. Analyses were 
conducted using CPPTRAJ and PYTRAJ [59], and fur-
ther complemented by MDAnalysis [60]. Molecular visu-
alization and structural inspection were carried out using 
VMD [61] and PyMOL (version 2.3.0, open-source) [62].

Result and discussions
Synthesis of the target compounds
The synthetic route employed to obtain the target 
compounds 1a-v is illustrated in Scheme 1. The syn-
thesis commenced with a Suzuki-Miyaura cross-cou-
pling between 5-bromo-1-methyl-1H-indole (2) and 
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) phe-
nol (3), catalysed by [PdCl2(dppf)] using K2CO3 as 
base, yielding key phenolic intermediate 4. Subsequent 
derivatization of intermediate 4 was achieved through 
sulfonylation with various sulfonyl chlorides (Et3N as 
base) to afford sulfonate derivatives 1a-o In the continued 
synthesis of further analogues, the phenolic intermediate 
was treated with sulfamoyl chlorides to afford sulfamate 
derivatives. Interestingly, the reaction proceeded very 
poorly when TEA or DIPEA were used as bases, result-
ing in significantly lower yields compared to the sulfonate 
derivatives. This reduced efficiency can be attributed to 
the lower electrophilicity of sulfamoyl chlorides relative 
to sulfonyl chlorides, arising from electron donation by 
the nitrogen substituent, which decreases the reactiv-
ity of the sulfur center toward nucleophilic substitution. 
Notably, the use of NaH as a strong base facilitated the 
reaction, affording sulfamate analogues 1p-t in moderate 
to good yields. The complete structural representation 

Scheme 1  Reagents and conditions: (i) K₂CO₃, PdCl2(dppf ), H₂O, toluene, 95 °C, N₂, 8 h, 66%: (ii) appropriate sulfonyl chloride, TEA, DCM, 5–8 h, rt (1a-o: 
47–91%); sulfamoyl chlorides or N-Me sulfamoyl chloride, anhydrous DMAc, rt, 2 h (1p: 56%, 1q: 54%); NaH, disubstituted sulfamoyl chlorides DMF rt, 2 h 
(1r: 48%, 1s: 42%, 1t: 41%)
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and urease inhibitory activity data for all target indole 
derivatives are presented in Table 1.

Biological activity of the target indole compounds
Urease inhibition
This study sought to develop novel, potent urease inhibi-
tors by designing fused heterocyclic compounds incorpo-
rating sulfonate and sulfamate moieties. The indophenol 
method was employed to evaluate the urease inhibitory 
activity of the synthesized compounds, using thiourea 
used as the standard inhibitor, exhibiting an IC₅₀ value of 
23.2 ± 11.0 µM. All the urease inhibition assay were car-
ried out in triplicate and each experiment was repeated 
thrice for reproducibility. As shown in Table  1, in vitro 
evaluation, eight compounds (1a, 1b, 1e, 1 g, 1 h, 1i, 1 m, 
and 1n) were identified as highly potent urease inhibi-
tors with sub-micromolar IC₅₀ values (< 1 µM). Com-
pounds 1c, 1j, 1k, 1  L, 1o, 1p, 1q, 1 s, and 1 t showed 
moderate activity (IC₅₀ = 1–10 µM), while 1f and 1r 
exhibited weak inhibition (IC₅₀ > 10 µM), and 1 d was 
the least active (IC₅₀ > 50 µM). Among the series, com-
pound 1n (4-methoxy phenyl derivative) demonstrated 
an IC₅₀ value of 0.23 ± 0.33 µM, approximately 100-fold 
more potent than the standard inhibitor thiourea (IC₅₀ = 
23.2 ± 11.0 µM In addition, compounds 1 m (4-Et-phenyl) 
and 1b (n-Pr) also demonstrated excellent potency with 
IC₅₀ values of 0.37 ± 0.001 µM and 0.39 ± 0.0003 µM, 
respectively, making both compounds around 63-fold 
and 59-fold respectively, more potent than the reference 
thiourea. The observed potency differences are rational-
ized by SAR and described in detail below.

Among the synthesized compounds, 1  m (IC₅₀ = 
0.37 ± 0.001 µM) and 1n (IC₅₀ = 0.23 ± 0.03 µM) emerged 
as the most potent urease inhibitors. Both compounds 
possess extended conjugated systems in the form of 
ethyl benzene and methoxy benzene substituents. The 
presence of these moieties contributes to an optimal 
balance between aromaticity and spatial alignment for 
maximizing binding affinity. Other compounds con-
taining electron donating groups (EDGs) also exhibited 
favorable inhibitory activities against urease. 1b (IC₅₀ = 
0.39 ± 0.0003 µM) contains a propyl substituent, and 1e 
(IC₅₀ = 0.61 ± 0.0004 µM) has a cyclopropyl group. These 
groups enhance electron density around the sulfonate 
oxygen and promote favorable hydrogen bonding or 
van der Waals interactions with the active site residues. 
Additionally, 1a (IC₅₀ = 0.65 ± 0.002 µM), bearing an ethyl 
functional group, and 1 g (IC₅₀ = 0.72 ± 0.001 µM), with a 
benzyl substituent, were similarly potent.

In contrast, derivatives with electron withdrawing 
groups (EWGs) demonstrated moderately reduced activ-
ity. 1j (IC₅₀ = 5.78 ± 0.02 µM) and 1k (IC₅₀ = 1.39 ± 0.001 
µM), bearing fluorobenzene and trifluoromethyl ben-
zene groups respectively, exhibited a noticeable drop 

in potency relative to their EDGs-bearing analogues. 
Compounds substituted with bulky substituents dis-
played significantly lower activity, likely due to a combi-
nation of steric hindrance. 1 d (IC₅₀ = 50.14 ± 0.001 µM), 
which contains a butyl substituent, showed the weakest 
inhibition in the series. Similarly, 1f (IC₅₀ = 18.86 ± 0.15 
µM), incorporating a cyclohexyl group, and 1r (IC₅₀ = 
17.64 ± 0.04 µM), bearing a dimethylamine substitu-
ent, exhibited poor potency. The pyrrolidine-containing 
compound 1 s (IC₅₀ = 4.10 ± 0.007 µM) followed a simi-
lar trend. In a nutshell, electron donating, lipophilic, 
and spatially compact groups on the sulfonate moiety 
contribute positively to urease inhibitory activity by pro-
moting optimal hydrophobic interactions and favourable 
electronic effects at the binding site. Substituents that are 
large tend to reduce activity due to steric hindrance.

Anti-Helicobacter pylori activity
The anti-H. pylori activity of novel indole-derived sulfo-
nate and sulfamate compounds was systematically evalu-
ated. Both the minimum inhibitory concentration (MIC) 
and half-maximal inhibitory concentration (IC₅₀) values 
were determined and are depicted in Table 2.

All synthesized compounds 1a-t exhibited promising 
antibacterial activity against H. pylori. Several derivatives 
surpassed the activity of reference drug acetohydroxamic 
acid (MIC = 12,500 ± 2.08 µM; IC₅₀ = 7.38 ± 0.32 µM). 
Among them, compound 1k exhibited the highest 
potency with MIC < 1.5 µM and an IC₅₀ of 1.169 ± 0.03 
µM. Other derivatives with significant activity included 
compound 1 h (MIC = 2.31 ± 1.145 µM; IC₅₀ = 2.058 ± 0.27 
µM) and compound 1o (MIC = 4.685 ± 2.213 µM; IC₅₀ = 
0.65 ± 0.60 µM). Additionally, compounds 1j, 1n, and 1 m 
also demonstrated low MIC and IC₅₀ values, indicating 
strong inhibitory potential. These findings highlight the 
strong antibacterial potential of the series, particularly 
compounds 1  h and 1k as lead candidates for further 
investigation as evidenced by their lowest MIC and IC₅₀ 
values. The justification for the noticed potency differ-
ences based on SARs is described in detail below.

The SAR analysis of compounds 1a-t against H. 
pylori demonstrated that increasing the hydrophobic-
ity and steric bulk of the sulfonate substituent generally 
enhanced antibacterial activity. Among the alkyl-sub-
stituted derivatives, activity improved from ethyl (1a, 
MIC = 100 µM) to n-propyl derivative 1b (MIC = 12.5 
µM), while the branched isomer 1c (MIC = 25 µM) exhib-
ited reduced potency, suggesting a preference for lin-
ear alkyl chains. The n-butyl sulfonated compound, 1 d, 
displayed comparable activity to compound 1b, indi-
cating that further chain extension does not necessar-
ily translate to enhanced efficacy. Within the cycloalkyl 
series, cyclohexyl derivative 1f demonstrated superior 
activity compared to cyclopropyl sulfonated compound 
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1e, supporting the role of increased hydrophobic vol-
ume in improving target interaction. Introduction of 
aromatic substituents led to a marked improvement in 
potency, the phenyl derivative 1 g was further enhanced 
by para-substituted electron-donating or hydrophobic 
groups, as observed in compounds 1 h (4-CH3-) and 1 m 
(4-CH2CH3Ph-). Notably, the 4-trifluoromethyl deriva-
tive 1k emerged as the most potent compound (MIC < 1.5 
µM), while the meta-substituted analogue 1  L was sig-
nificantly less active, indicating a clear preference for 
para substitution. Electron-donating methoxy groups 
(1n, 1o) moderately enhanced activity. In contrast, 

amino-substituted derivatives (1p–r) exhibited weaker 
activity, potentially due to increased polarity and reduced 
membrane permeability. Among cyclic amines, pyrro-
lidine sulfonated compound 1 s, was more effective than 
piperidine derivative 1 t, suggesting that smaller, more 
rigid ring systems may offer improved compatibility 
with the bacterial target. Structure–activity relationship 
analysis showed that both electronic and steric factors 
were involved in inhibitory effect against urease when 
the synthesized indole-based sulfonate and sulfamate 
derivatives were evaluated. In general, compounds with 
aromatic sulfonate moiety electron-donating substituents 
showed increased urease inhibitory activity. In line with 
the observed activity trends, it is projected that increased 
π-electron density favor stabilizing aromatic and electro-
static interactions within the urease active site. Inhibitory 
potency was also affected by substituent size and spa-
tial orientation. The catalytic cavity was able to accom-
modate moderately sized aromatic substituents, while 
increased steric bulk resulted in decreased activity, prob-
ably because of less-than-ideal placement in relation to 
the dinuclear nickel center. When compared to sulfonate 
analogues, sulfamate derivatives generally showed some-
what lower inhibitory activity. This could be due to varia-
tions in polarity and hydrogen-bonding geometry within 
the active site.

A concise SAR summary and the most potent hits 
against urease and H. pylori are presented in Fig. 4.

Cytotoxicity Assay
The cytotoxic potential of compounds 1  h and 1k, the 
most potent anti-H. pylori derivatives, was evaluated 
against AGS gastric adenocarcinoma cells and F180 nor-
mal fibroblasts (Fig. 5). Cell viability was assessed using 
the MTT assay, and results are expressed as survival frac-
tions relative to untreated controls. Both compounds 
exhibited minimal cytotoxicity against AGS cells at con-
centrations up to 6.25 µM, with 1k showing a slightly 
greater, but statistically insignificant reduction in cell via-
bility. In contrast, neither compound showed appreciable 
cytotoxicity toward F180 cells, with IC₅₀ values exceeding 

Table 2  Evaluation of the anti-Helicobacter pylori activity of 
N-methylindole sulfonate and sulfamate compounds 1a-t, 
alongside the acetohydroxamic acid (AHA), against H. pylori
Compounds MIC value against H. pylori 

±
SD (µM) *

IC50 value 
against H. 
pylori ±
SD (µM)

1a 100 15.2 ± 5.70

1b 12.5 10.5 ± 0.46

1c 25 8.82 ± 1.0

1d 12.5 7.77 ± 0.14

1e 18.75 ± 8.838 9.23 ± 2.11

1f 12.5 5.20 ± 2.71

1 g 12.5 7.79 ± 0.80

1 h 2.31 ± 1.145 2.058 ± 0.27

1i 12.5 8.90 ± 1.48

1j 4.685 ± 2.213 3.69 ± 0.12

1k < 1.5 1.169 ± 0.03

1 L 9.375 ± 4.419 5.12 ± 1.03

1 m 4.7 ± 2.192 4.26 ± 1.14

1n 6.25 2.16 ± 0.19

1o 4.685 ± 2.213 0.65 ± 0.60

1p 75 ± 35.35 3.54 ± 0.38

1q 37.5 ± 17.67 9.95 ± 6.29

1r 37.5 ± 17.67 7.39 ± 2.11

1s 18.75 ± 8.838 7.23 ± 3.01

1t 56.25 ± 61.87 6.74 ± 2.87

AHA 12,500 ± 2.08 7.38 ± 0.320
* MICs are reported as mean values of triplicate determinations ± standard 
deviation (SD), while IC₅₀ represent mean values of duplicate assays ± SD

Fig. 4  SAR highlights and top-performing anti-urease compounds against jack-bean and H. pylori urease
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6.25 µM for 1 h and 1k. The survival fraction of AGS and 
F180 cells following 48  h treatment with 1  h (3.12 µM) 
and 1k (1.56 µM) remained above 90% for both cell lines. 
These results indicate that 1  h and 1k exhibit minimal 
cytotoxicity at their MICs toward the tested cell lines, 
supporting their favorable safety profiles and potential 
for further development as selective anti-H. pylori agents.

Urease activity assessment of the most promising 
compounds against H. pylori, E. coli and Lactobacillus species
To evaluate the selectivity of the N-methylindole deriva-
tives 1 h and 1k toward urease-producing bacteria, their 
inhibitory activities were compared against both urease-
negative (E. coli) and urease-positive (H. pylori) strains 
(Tables  3 and 4). The findings revealed that both com-
pounds exhibited no inhibitory effect on E. coli, whereas 
a significant suppression of H. pylori was observed. This 
selective inhibition suggests that the tested compounds 
specifically target urease-positive bacteria, with a pro-
nounced effect on H. pylori. Further evaluation against 
several Lactobacillus species (L. acidophilus, L. casei, 
L. gasseri, L. johnsonii, L. plantarum, and L. rhamno-
sus) demonstrated no significant growth inhibition, 

suggesting minimal off-target effects on beneficial com-
mensal microbes. Collectively, these findings highlight 
the selective antimicrobial activity of the tested com-
pounds against H. pylori while preserving the commensal 
microbial balance, distinguishing them from broad-spec-
trum antibiotic treatments.

Inhibition of H. pylori urease activity by 1 h and 1k
The results of the urease activity assay, as shown in Fig. 6, 
demonstrate a strong significant inhibitory effect of both 
test compounds, 1 h and 1k, on H. pylori urease activity. 
Compared to the untreated H. pylori control, treatment 
with 1 h and 1k at MIC resulted in a marked reduction 
in activity to below 20%. When tested at their IC₅₀ con-
centrations, both compounds maintained a moderate 
inhibitory effect, with residual urease activities ranging 
between 43% and 48%, indicating dose-dependent inhi-
bition. The reference positive control inhibitor (AHA), 
reduced urease activity to baseline, confirming assay sen-
sitivity. Importantly, no urease activity was detected in 
non-H. pylori controls, including E. coli and L. acidophi-
lus, validating the assay specificity for H. pylori urease. 
These findings suggest that both 1  h and 1k effectively 

Table 3  Selectivity of compounds 1 h, 1k and AHA against urease positive (H. pylori) and urease negative (E. coli)
Compounds MIC value against H. pylori 

± SD (µM) *
IC50 value against H. pylori 
± SD (µM) *

MIC value against E. coli 
± SD (µM) *

IC50 value against
E. coli 
± SD (µM) *

1 h < 0.78 4.05 ± 0.25​​ > 20 No effect

1k < 0.78 1.97 ± 0.07​ > 20 No effect

AHA 12,500 ± 2.08 7.3 ± 0.32 - -
*The MICs and IC50s calculated as a means of two independent experiments ± SD

Fig. 5  Cytotoxic effect of 1 h (3.12µM) and 1k (1.56µM) on AGS gastric cancer cells (top left) and F180 normal fibroblasts (bottom left) after 48 h of treat-
ment. Dose-response curves depicting the cytotoxicity of 1 h (black) and 1k (red) in AGS (top right) and F180 (bottom right) following 48 h of treatment. 
Statistical values were obtained using the one-way ANOVA followed by Tukey’s test, executed in GraphPad Prism 10.4.2. ns: non-significant difference
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suppress H. pylori urease activity, particularly at bacte-
riostatic concentrations.

Caco-2 A-B permeability
The Caco-2 permeability assay is commonly used to 
evaluate the potential oral absorption of test compounds 
[63]. Herein, the most active anti-H. pylori compounds 

1 h, 1j, 1k, and 1n, along with the reference drugs labet-
alol and propranolol, were assessed for their permeability 
across Caco-2 monolayers (apical-to-basolateral, A-B) at 
pH 6.5–7.4 and at their respective MIC values against H. 
pylori. The results are summarized in Table 5.

The four tested compounds exhibited very low perme-
ability, suggesting minimal oral absorption (Table 5). This 

Table 4  Selectivity of compounds 1 h, 1k and AHA against L. acidophilus, L. casei, L. gasseri, L. johnsonii, L. plantarum, and L. 
rhamnosus
Compounds MIC value against 

L. acidophilus 
± SD (µM) *

IC50 value against 
L. acidophilus 
± SD (µM) *

MIC value against 
L. casei 
± SD (µM) *

IC50 value against 
L. casei 
± SD (µM) *

1 h > 20 No effect > 20 No effect

1k > 20 No effect > 20 No effect

AHA > 20 12.25 ± 0.37 > 20 No effect

Compounds MIC value against
L. gasseri ± SD (µM) *

IC50value against
L. gasseri ± SD (µM) *

MIC value againstL. johnso-
nii ± SD (µM) *

IC50value against
L. johnsonii ± SD 
(µM) *

1k > 20 No effect > 20 No effect

1 h > 20 No effect > 20 No effect

AHA > 20 23.35 ± 0.82 > 20 37.12 ± 0.44

Compounds MIC value against
L. plantarum ± SD (µM) *

IC50value against
L. plantarum ± SD (µM) *

MIC value against
L. rhamnosus ± SD (µM) *

IC50value against
L. rhamno-
sus ± SD (µM) *

1 h > 20 No effect > 20 No effect

1k > 20 No effect > 20 No effect

AHA > 20 No effect > 20 56.18 ± 0.41
*The MICs and IC50s were calculated as a means of two independent experiments ± SD

Fig. 6  Assessment of H. pylori urease activity following exposure to selected N-methylindole derivative compounds 1 h and 1k at their respective MIC and 
IC50 concentrations, alongside AHA as a reference indicator. Data are presented as mean ± SD from two independent experiments, and the urease activity 
(%) was determined using the equation: U % = (Urease activity with compounds/Urease activity without compounds) × 100. Data were as analyzed using 
one-way ANOVA followed by Tukey’s post hoc test (****P ≤ 0.0001)
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is a significant finding, as it implies that these compounds 
may primarily exert their activity within the gastrointes-
tinal tract (GIT) without substantial systemic exposure, 
potentially reducing the risk of systemic side effects At 
present, no direct assessments of the stability of these 
compounds in the GIT have been conducted. Nonethe-
less, further chemical and metabolic studies evaluating 
their stability under gastrointestinal conditions would be 
highly relevant and would strengthen the interpretation 
of the present findings.

Molecular docking analysis
To investigate the binding potential and conformational 
stability of the most active urease inhibitors 1  h and 1k 
against H. pylori urease along with 1  m and 1n against 
jack bean urease, molecular docking was performed 
using DiffDock.

Docking simulations for 1 h revealed a DiffDock con-
fidence score of −1.43, an indicative of a reliable pose 
prediction within the catalytic pocket of H. pylori urease. 
Its binding free energy was calculated to be −7.42  kcal/
mol. The SMINA-based evaluation further provided a 
predicted affinity of −3.67  kcal/mol, an intramolecular 
energy of −0.94 kcal/mol and the post-minimization root-
mean-square deviation (RMSD) was 1.17 Å. Compound 
1k exhibited a DiffDock confidence score of −0.95, with 
a refined binding affinity of −7.12 kcal/mol. Its SMINA-
derived affinity and intramolecular energy were 0.42 
and − 0.95 kcal/mol, respectively, with an RMSD of 0.76 
Å after minimization. On the other hand, AHA docked 
against urease showed a binding affinity of −1.63  kcal/
mol with a DiffDock confidence score of 0.42. The mini-
mized complex had a low root-mean-square deviation 
(RMSD) of 0.49 Å and an intramolecular binding energy 
of −2.62 kcal/mol.

For 1 m, the docking analysis disclosed a DiffDock 
confidence score of −1.6, which is an indicative of a reli-
able predicted pose within the jack bean urease active 
site. The binding affinity, calculated after refinement was 
− 4.81 kcal/mol and SMINA-derived affinity and intra-
molecular energy values were 0.70 and − 1.00 kcal/mol, 

respectively. The RMSD after minimization was 1.17 
Å, indicating low deviation from the initial pose. Com-
pound 1n, on the other hand, showed a confident Diff-
Dock score of −1.3 and a minimized binding affinity of 
−4.87 kcal/mol, implying a somewhat stronger ligand-
receptor interaction. The associated affinity and intra-
molecular energy values were − 0.86 and − 0.95 kcal/mol, 
respectively, while the post-minimization RMSD was 
observed to be 1.47 Å. The binding energies observed for 
both ligands fall within the pharmacologically relevant 
range [64], comparable to established urease inhibitors. 
Apart, thiourea displayed a binding free energy of −1.66 
kcal/mol and a DiffDock confidence score of 0.41. An 
intramolecular energy of −2.20 kcal/mol with a post-
minimization RMSD of 0.64 Å was obtained by SMINA 
rescoring.

Besides, the docking protocol was validated by red-
ocking of co-crystalline ligands of 6zja (H. pylori 
urease) and 4gy7 (jack bean urease). In case of 
H. pylori urease, the docked complex of 6zja and 
2-{[1-(3,5-dimethylphenyl)−1H-imidazol-2-yl]sulfanyl}-
N-hydroxyacetamide (DJM) have binding free energy of 
−6.15 kcal/mol with a diffdock confidence score of −0.17. 
It occupied the same place as of co-crystalline ligand 
in the 6zja retrieved from RCSB PDB with an RMSD 
of 0.001 Å as shown in Fig.  7A. Likewise, the redocked 
complex of jack bean urease (4gy7) and it co-crystal-
line ligand (phosphate) exhibited a binding energy of 
−2.69 kcal/mol with a diffdock confidence score of 0.24. 
This docked pose was then superimposed with the 4gyr 
retrieved from RCSB PDB and it was disclosed that the 
binding site of both the phosphate as shown in Fig. 7B.

Intermolecular interactions  The docking analysis of 
the compound 1 h within the active site of H. pylori ure-
ase revealed stabilizing molecular interactions (Fig. 8A). 
Three conventional hydrogen bonds were formed, involv-
ing the carbonyl oxygen atoms of the ligand and the side 
chains of THR251 and ARG338, with bond distances of 
approximately 2.93, 2.96 and 2.90 Å. These interactions 
are likely to play a pivotal role in anchoring the ligand 
within the catalytic domain of the enzyme. Additionally, a 
carbon–hydrogen bond was established between GLY280 
and the ligand at a distance of 3.10 Å. The aromatic sys-
tem of 1 h exhibited amide-π stacking interactions with 
ASN168, measured at 4.83 and 4.62 Å respectively, while 
also engaging in hydrophobic π-alkyl contacts with 
ALA169, LEU252, and CYS321, all within favorable van 
der Waals distances. Notably, π-sulphur interactions were 
observed between the ligand and HIS248 (4.87 Å) as well 
as HIS322 (5.68 Å). Moreover, a π-anion interaction with 
GLU222 at a distance of 3.80 Å was identified, suggesting 
an additional electrostatic contribution to ligand binding.

Table 5  Caco-2 A-B permeability of the most active anti-
helicobacter compounds and the reference drugs labetalol and 
propranolol at pH 6.5–7.4.5.4a

Tested compound Test con-
centration 
(µM)

Permeability 
(10− 6 cm/s)a

% Recovery

1 h 2.31 0.008 ± 0.001 12.10% ± 0.15%

1j 4.685 0.013 ± 0.0005 11.48% ± 0.13%

1k 1.5 0.006 ± 0.0007 4.65% ± 0.08%

1n 6.25 0.004 ± 0.0004 23.34% ± 0.31%

Labetalol 10 3.94 ± 0.11 68.65% ± 0.24%

Propranolol 10 33.08 ± 0.52 92.39% ± 0.45%
a The results are expressed as means of triplicate experiments ± SEM
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The docking study of compound 1k within the bind-
ing site of H. pylori urease demonstrated several impor-
tant intermolecular interactions (Fig.  8B). The amino 
acid residues TYR189, SER141, TRP181, MET182, and 
PRO142 were identified as key contributors to ligand 
binding, with measured distances consistent with specific 
non-covalent interactions. PHE139, ILE145, TYR189 and 
LEU193 showed interactions with electron deficient car-
bon of substituted trifluoromethyl group of 1k. SER141 
engaged the ligand at distance of 5.17 Å. In addition, 

MET182 developed π-sigma interaction. TRP181 formed 
π-alkyl bond with the terminal methyl group with a dis-
tance of 4.22 Å.

AHA forms a conventional hydrogen bond with 
HIS221, involving the hydroxamate oxygen atom of 
AHA and the imidazole side chain of histidine, at a dis-
tance of 3.10 Å (Fig. 8C). In addition, a carbon-hydrogen 
bond interaction is observed between AHA and HIS248, 
with an interaction distance of 3.62 Å. Although weaker 
than conventional hydrogen bonds, carbon-hydrogen 

Fig. 8  Intermolecular interactions of potent inhibitors 1 h (A), 1k (B),AHA (C) docked against H. pylori urease (green sticks), and 1 m (D), 1n (E),thiourea 
(F) docked against jack bean urease (grey sticks)

 

Fig. 7  (A) Superimposed redocked complex (green) and protein retrieved from PDB (blue) for H. pylori urease. (B) Superimposed redocked complex and 
protein retrieved from PDB for jack bean urease
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interactions can contribute cumulatively to ligand 
stabilization.

The intermolecular interaction evaluation of 1  m dis-
closed a combination of hydrophobic, hydrogen bond, 
and sulfur-related interactions (Fig. 7D). A notable inter-
action was identified between the sulfonyl group of the 
ligand and the sulfur atom of MET449, resulting in a sul-
fur oxygen contact with 2.78 Å bond length. This inter-
action namely sulfur-X type is significant in stabilizing 
ligand-protein complexes, due to their polarizability and 
favorable dispersion forces. Further a π-donor hydro-
gen bond interaction between an aromatic moiety of 
the ligand and SER452 (3.87 Å) was observed. 1  m also 
formed hydrophobic interactions, particularly with non-
polar residues such as LEU456 (3.28 Å), LEU448 (4.81 
and 4.97 Å), and PRO409 (3.44 and 5.30 Å). These mainly 
involve alkyl and π-alkyl interactions contributing to the 
desolvation of the active site and increase the entropic 
favorability of binding. The π-alkyl interaction between 
the aromatic ring of the ligand and MET449 (5.18 Å) also 
stabilizes the complex and enhances the ligand stability 
within the hydrophobic core of the enzyme.

The compound 1n is embedded in a hydrophobic cavity 
formed by LEU456, LEU448, MET449, PRO409, VAL412, 
and SER452 in active site of urease where all play vital 
roles in anchoring and stabilizing the ligand (Fig. 7E). An 
interaction involves the aromatic ring of the ligand form-
ing a π-donor hydrogen bond interaction with SER452 at 
a distance of 3.64 Å. Besides, several π-alkyl and π-sigma 
interactions were also identified, contributing to hydro-
phobic stabilization of 1n. The aromatic ring adjacent 
to the sulfonyl group forms a π-sigma interaction with 
LEU456 (3.00 Å). Furthermore, π-alkyl interactions 
with PRO409 (4.45 Å), VAL412 (5.18 Å), MET449 (5.17 
Å), and LEU448 (5.21 Å) contributes to the compound’s 
secure fit within the hydrophobic pocket.

Thiourea forms two conventional hydrogen bonds 
interactions, highlighted by green dashed lines as in 
Fig.  8F. One hydrogen bond is established between the 
amino nitrogen of thiourea and the backbone carbonyl 
oxygen of ILE734, with an interaction distance of 3.35 Å. 
A second, stronger hydrogen bond is observed between 
thiourea and ASP729, with a bond distance of 2.98 Å. The 
type of interactions for all the discussed compounds have 
been elucidated in Table 6 to better apprehend.

ADMET analysis
The pharmacokinetic and toxicological characteristics 
of the synthesized compounds 1 h, 1k, 1 m, and 1n were 
investigated using the ADMETlab 3.0 platform as sum-
marized in Table S2 and Fig. 9. Each compound followed 
Lipinski’s Rule of Five and met the Golden Triangle cri-
terion, indicating promising oral bioavailability and bal-
anced molecular properties. Importantly, none of the 
compounds raised Pan-Assay Interference Compounds 
(PAINS) alerts, thereby reducing the risk of non-specific 
biological activity.

The compounds showed poor predicted human intesti-
nal absorption, with probability values below 0.01.

The distribution characteristics suggested that these 
compounds would primarily remain within the vascular 
and interstitial compartments, as indicated by their low 
predicted volumes of distribution (−0.26 to 0.32  L/kg). 
Blood-brain barrier (BBB) penetration was limited in 
most cases, though 1k exhibited the highest probability 
of central nervous system access (0.25). This restricted 
CNS permeability may be beneficial in avoiding neuro-
logical side effects.

Metabolic profiling revealed strong inhibitory interac-
tions with several cytochrome P450 enzymes, particu-
larly CYP2C19, CYP2C9, CYP2D6, and CYP3A4, with 
probabilities exceeding 0.89. Substrate potential varied 

Table 6  The type of interactions exhibited by the potent compounds upon docking within H. pylori and jack bean urease
Compounds Lipophilic interactions Polar interactions Hydrogen bond interactions

Amino acids Interaction 
type

Amino acids Interaction 
type

Amino acids Interaction 
type

1 h LEU252, ALA169, CYS321, ASN168 Alkyl, 
π-alkyl

GLU222, HIS248, 
HIS322

π-anion, 
π-sulfur, 
amide-π 
stacked

THR251, ARG338, 
GLY280

H-bond, 
C-H 
bond

1k TRP181, TYR189, PHE139, PRO142, ILE145, 
LEU193

SER141; MET182 π-sigma,
amide-π 
stacked

None observed

Acetohydroxamic 
acid (AHA)

None observed None observed HIS221; HIS248 H-bond, 
C-H 
bond

1 m PRO409, LEU448, LEU456 MET449 π-sulfur SER452 H-bond

1n PRO409, LEU448, MET449, LEU456 LEU456 π-sigma SER452 π-donor 
hydrogen 
bond

Thiourea None observed None observed ILE734; ASP729 H-bond
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across enzymes, with 1 m exhibiting a high likelihood of 
being metabolized by CYP3A4 (probability: 0.97).

Regarding elimination, the predicted clearance ranged 
from 3.43 to 4.73 mL/min/kg, accompanied by short 
elimination half-lives (0.38 to 0.44  h), suggesting rapid 
systemic clearance.

Toxicological evaluation showed no indications of 
acute toxicity, genotoxic or non-genotoxic carcinogenic-
ity, or ocular corrosiveness. All four compounds were 
predicted to inhibit the hERG potassium channel with 
moderate probabilities (0.57–0.66), suggesting a poten-
tial cardiotoxicity risk that would require in vitro valida-
tion through electrophysiological assays. Additionally, all 
compounds were identified as potential inducers of drug-
induced liver injury (DILI) that may hinder long-term 
administration.

The likelihood of mutagenicity, assessed via Ames test 
modelling, varied among the compounds, with 1k show-
ing the lowest risk (0.13) and 1n the highest (0.56), neces-
sitating further experimental confirmation. Predicted 
carcinogenic potential was particularly notable for 1n 

(0.82), representing the need for thorough long-term 
safety evaluation. Furthermore, all molecules displayed 
strong binding affinities (0.98–0.99) to estrogen recep-
tors, indicating possible endocrine-disrupting effects. 
Mitochondrial membrane potential disruption was pre-
dicted with high confidence (0.93–0.98). Activation of the 
antioxidant response element and the aryl hydrocarbon 
receptor by these compounds suggests their involvement 
in oxidative stress regulation and xenobiotic response 
pathways.

Molecular Dynamics Simulation
A 100-nanosecond molecular dynamics simulation was 
carried out to investigate the stability and conformational 
changes of H. pylori urease bound to the inhibitor 1  h. 
Three key parameters were examined: backbone root-
mean-square deviation (RMSD), radius of gyration (Rg), 
and root-mean-square fluctuation (RMSF) of individual 
residues. The RMSD values for both the free H. pylori 
urease and bound complex are shown in Fig.  10A. The 
unbound urease structure exhibited larger fluctuations 

Fig. 9  The radar charts elucidating the physiochemical properties of potent inhibitors 1 h (A),1k (B), 1 m (C) and 1n (D). The blue lines are representing 
the properties of respective compounds while the red colored region is indicating the lower acceptable limit and the orange color region is representing 
the upper acceptable limit
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during the simulation, with RMSD values ranging from 
1.0 Å to 3.0 Å and stabilized near 2.7 Å after 60 ns. In 
contrast, the complex with 1  h showed smaller devia-
tions, reaching a stable RMSD around 1.6 Å after 40 ns.

Figure  10B illustrates the per-residue fluctuations of 
the Cα atoms throughout the simulation period. The 
apo-H. pylori urease structure displayed higher flexibility 
in certain loop and terminal regions, especially between 
residues 1–30, 60–90, around 320, and near residue 490. 
When 1  h was bound, these fluctuations were reduced. 
The lower RMSF values in key regions of the protein 
imply that the ligand contributes to stabilizing the active 
site and nearby structural elements, thereby reducing 
local mobility.

The radius of gyration analysis (Fig.  10C) was used 
to analyze changes in the overall compactness of the 
protein. Both forms of urease (apo and ligand bound) 
showed relatively consistent Rg values during the 100 ns 
simulation. However, the ligand bound form maintained 
slightly lower Rg values (approximately 24.1–24.3 Å), 
indicating a more compact structure in the presence of 
the ligand. This reduced flexibility and increased com-
pactness showed enhanced stability of the enzyme upon 
ligand interaction.

To assess the structural stability and dynamic behav-
iour of Jack bean urease upon ligand interaction, molec-
ular dynamics (MD) simulations were conducted for 
both the unbound enzyme and its complex with 1n. The 
RMSD profile indicated that both systems achieved equi-
librium within the simulation timeframe (Fig. 10D). The 

apo urease was stabilized after approximately 15–20 ns, 
maintaining an average RMSD of 1.6 Å. The urease-1n 
complex exhibited a similar trend, albeit with slightly 
elevated fluctuations during the early phase of the simu-
lation (0–25 ns), likely corresponding to initial conforma-
tional accommodation of the ligand within the binding 
cavity. The average RMSD of the complex over the final 
75 ns was approximately 1.7 Å, reflecting a well-stabi-
lized ligand-bound state. Minor deviations observed dur-
ing the analysis, particularly around 30–40 ns and near 
80 ns, remained within acceptable limits and did not 
indicate any unfolding or loss of structural integrity. The 
marginal increase in RMSD in the complex relative to the 
apo structure is consistent with the dynamic adaptation.

The Rg values are crucial for determining the overall 
compactness of the protein during simulation (Fig. 10E). 
The apo urease exhibited an average Rg of 30.55 Å, con-
sistent throughout the trajectory. Upon ligand binding, 
the Rg of the complex decreased slightly to an average of 
30.50 Å, suggesting a modest compaction of the enzyme 
tertiary structure. This minor decrease is indicative of 
stabilizing interactions induced by the ligand within the 
binding pocket, which may contribute to enhanced rigid-
ity, and local ordering around the active site. The absence 
of significant Rg fluctuations in either system indicates 
that the global fold of urease was preserved in both apo 
and bound states.

Residue-level flexibility was analyzed through root 
mean square fluctuation (RMSF) of Cα atoms over the 
course of the simulation. As illustrated in Fig.  10F, the 

Fig. 10  RMSD (A), radius of gyration (B) and RMSF (C) plots for H. pylori urease in apo form (blue) and bound to 1 h (red) over 100 ns of simulation. RMSD 
(D), radius of gyration (E) and RMSF (F) plots for Jack bean urease in apo form (blue) and bound to 1n (red) over 100 ns of simulation
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RMSF profiles revealed characteristic fluctuations across 
the protein chain for both systems. The apo enzyme 
exhibited notable mobility at the N- and C-terminal 
regions. Upon binding of 1n, a general trend of reduced 
fluctuation was observed in several regions, particularly 
between residues 100–150, 300–350, and 580–620, sug-
gesting localized stabilization imparted by ligand inter-
action. Certain segments displayed increased flexibility 
in the ligand-bound complex, such as regions spanning 
residues 50–80 and 200–220. These changes may reflect 
ligand-induced conformational adjustments or allosteric 
effects, potentially facilitating optimal binding accommo-
dation or altering distant dynamic regions of the protein.

The MDS for best docked complex of 1k has been illus-
trated in supplementary file.

Conclusion
In this study, we successfully designed and synthesized 
a series of novel fused heterocyclic compounds, with 
the aim of identifying potent urease inhibitors. The bio-
logical evaluation of these compounds showed that 
several indole derivatives displayed significant in vitro 
urease inhibitory activity. The most potent compound, 
1n, exhibited an IC₅₀ of 0.23 ± 0.33 µM, approximately 
100-fold more potent than the standard thiourea, while 
1b, 1 h, and 1 m also showed IC₅₀ values below 0.5 µM. 
SAR analysis indicated that small, linear alkyl chains and 
para-substituted electron-donating aryl substituents, 
enhanced urease-inhibitory activity, whereas steric hin-
drance and electron-withdrawing substituents reduced 
potency. The compounds also demonstrated selective 
antibacterial activity against H. pylori, with several com-
pounds, particularly 1  h and 1k showing superior effi-
cacy compared to the reference drug acetohydroxamic 
acid. These compounds exhibited minimal cytotoxic-
ity toward AGS gastric and F180 normal fibroblast cell 
lines and did not inhibit E. coli or beneficial Lactobacillus 
species, highlighting their specificity for urease-positive 
pathogens. Urease activity assays confirmed a marked 
decrease in H. pylori urease activity following treat-
ment with 1 h and 1k. Molecular docking studies of 1 h, 
1k, 1 m, and 1n against H. pylori and Jack bean ureases 
revealed key stabilizing interactions. In H. pylori urease, 
residues THR251, ARG338, GLY280, ASN168, ALA169, 
LEU252, CYS321, HIS248, HIS322, GLU222, TYR189, 
SER141, TRP181, MET182, PRO142, PHE139, ILE145, 
and LEU193 contributed to binding, while in Jack bean 
urease, interactions involved MET449, SER452, LEU456, 
LEU448, PRO409, and VAL412. These interactions cor-
roborate with the strong binding affinity and in vitro 
potency.

Compounds 1  h, 1k, 1  m, and 1n demonstrate prom-
ising drug-like properties and molecular suitability for 
lead development. However, their limited absorption, 

potential for metabolic inhibition, and predicted toxici-
ties warrant cautious interpretation and further refine-
ment. Overall, the research finds novel, selective, and 
potent urease enzyme inhibitors with promising antibac-
terial profiles, providing strong leads for the development 
of targeted therapies against urease-associated infections 
such as H. pylori.
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